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(MRSA)Infections are frequent and very undesired occurrences after orthopedic procedures; furthermore, the growing
concern caused by the rise in antibiotic resistance is progressively dwindling the efﬁcacy of such drugs. Artiﬁcial
bone graftmaterials could solve some of the problems associatedwith the gold standard use of natural bone graft
such as limited bone material, pain at the donor site and rejections if donor tissue is used. We have previously
described new acrylate base nanocomposite hydrogels as bone graft materials. In the present paper, we describe
the integration of silver nanoparticles in the polymeric mineralized biomaterial to provide non-antibiotic anti-
bacterial activity against Staphylococcus epidermidis and Methicillin-resistant Staphylococcus aureus. Two differ-
ent crosslinking degrees were tested and the silver nanoparticles were integrated into the composite matrix by
means of three different methods: entrapment in the polymeric hydrogel before the mineralization; diffusion
during the process of calcium phosphate crystallization and adsorption post-mineralization. The latter being
generally the most effective method of encapsulation; however, the adsorption of silver nanoparticles inside
the pores of the biomaterial led to a decreasing antibacterial activity for adsorption time longer than 2 days.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Hydrogels are suitable for a variety of applications in the pharma-
ceutical and medical industry. They have been used in ophthalmology,
for drug delivery, orthopedics and medical devices [1–3]. Among their
characteristics are: soft and rubbery consistence, excellent biocompati-
bility and high permeability to oxygen, nutrients and other water solu-
ble metabolites. All these characteristics make them particularly
attractive as scaffolds in tissue engineering applications [4]. Very recent-
ly hydrogels have been used as amodel to study biomineralization since
these processes take place in gelling environments [5]. Biomineraliza-
tion of an organicmatrix has been an important topic in bone–tissue en-
gineering [6–9] as a possible process to prepare hybrid biomaterials for
orthopedic tissue engineering where three-dimensional biomimetic
mineralization is highly desired [10].harmaceutical Sciences, Cardiff
ardiff CF10 3NB, UK.
ovich).
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. This is an open access article underHydrogels based onmethacrylates are biocompatible, non-toxic, and
non-immuno-reactive and their porosity is easily controllable [11].
After the pioneering work in the 1960s [12], methacrylate hydrogels
have been applied in drug delivery systems, tissue regeneration, contact
lenses and synthetic membranes for biosensors [13–18]. Very recently
hydrogels based on methacrylates have been also used as tissue
expanders in dentistry clinics [19].
We lately synthesized a copolymer hydrogel using as monomers
PEG methyl ether methacrylate (PEGMEM) and (dimethylamino)ethyl
methacrylate (DEM) [20]. Using Na2HPO4 and CaCl2, we were able to
produce brushite microparticles in situ using the gel network as a
microreactor for microparticle formation by means of a reaction–diffu-
sion process (Fig. 1). In this process, phosphate and calcium ions
migrate from the opposite sides of the gel and when they encounter
the insoluble calcium phosphate particles form and precipitate. This
composite hydrogels could be used in medical and dentistry applica-
tions as artiﬁcial bone graft material because of the osseconductive
properties provided by the calcium phosphate microparticles homoge-
neously distributed in the gel matrix.
Infections associated with medical implants are becoming increas-
ingly common and result in signiﬁcant morbidity and, in some cases,the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Representation of the reaction–diffusion process to produce calcium phosphate
nanoparticles inside the hydrogel matrix.
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and aggregate in a hydrated polymeric matrix, are associated to infec-
tions because of their high resistance to antibacterial drugs [22]. Thus
the synthesis of hydrogels with bactericidal properties has special
interest. Some authors have been able to mix bactericidal agents into
hydrogels [23,24]. Another promising approach is the addition of
metal nanoparticles as alternative to antibiotics because of the increas-
ing bacteria population exhibiting resistance to these drugs conse-
quently reducing their applicability [25,26]. Silver nanoparticles have
been shown effective to combat bacteria, viruses and eukaryotic
micro-organisms [27,28]. Besides, silver nanoparticles are also reported
to possess anti-inﬂammatory [29] and anti-angiogenic activity [30],
which makes these nanoparticles suited for medical purposes. Various
synthetic routes have been developed to prepare silver nanoparticles
and the conditions are responsible for the size, shape and surface charge
of the resulting nanomaterials [31–33].
In this work, we examined ways to encapsulate silver nanoparticles
in methacrylate hydrogels containing calcium phosphate to obtain a
new multifunctional biomaterial that could be applied as a synthetic
bone draft since it combines homogeneous 3D-biomineralization and
antibacterial properties.
2. Materials and methods
2.1. Chemicals
Polyethylene glycol methyl ether methacrylate with average Mn =
300 (PEGMEM), 2-dimethylamino ethyl methacrylate (DEM), N,N′-
methylenebis(acrylamide) (BIS), silver nitrate and citric acid were
purchased from Sigma Aldrich. The initiator ammonium persulfate
(APS) was purchased from Fluka (Spain). Na2HPO4·12H2O and CaCl2
were purchased from Panreac quimica SAU (Spain). All chemicals
were reagent grade and used as received.
2.2. Synthesis of the silver nanoparticles
Silver colloids were prepared by the reduction of AgNO3 with citrate
at near-boiling temperature. 125 ml of silver nitrate solution 1 mMwas
heated and as soon as boiling commenced, 5 ml of 1% sodium citrate
solution were added. Heating was continued until a color change from
uncolored to pale yellow was evident. Then the solution was removed
from the heating element and stirred until it had cooled down to
room temperature.
2.3. Silver nanoparticle characterisation
UV–vis spectra (350 – 600 nm, 1 nm resolution) of the conjugated
nanoparticles dispersed in PBS (1mg/ml) were recorded in 1 cm quartz
cellswith a U-3000Hitachi, UV–vis spectrometer. For transmission elec-
tron microscopy (TEM) characterization a 4 µl droplet of nanoparticlesuspension was placed on a plain carbon-coated copper TEM grid and
allowed to evaporate in air under ambient laboratory conditions for sev-
eral hours. Bright ﬁeld TEM images were obtained using a TEM (Philips
CM12, FEI Ltd, UK) operating at 80 kV ﬁttedwith an X-raymicroanalysis
detector (EM-400 Detecting Unit, EDAX UK) utilizing EDAX's Genesis
software. Typical magniﬁcation of the images was × 100,000. Images
were recorded using a SIS MegaView III digital camera (SIS Analytics,
Germany) and analyzed with the software ImageJ.2.4. Synthesis of the gel
The gels were prepared by adding 2 ml PEGMM (0.0065 mol) and
1 ml of DEM (0.0065 mol) to 5 ml of deionized water at room tempera-
ture. Subsequently, appropriate amounts of BIS and 1 mg/ml APS were
added under stirring and ﬁnally themixture was allowed to gel. It gener-
ally took around 25 min for a ﬁrm gel to form. After obtaining the gels,
they were dialyzed in ultrapure water at room temperature for two
weeks to remove the excessmonomers and unwanted reaction products.
To obtain the hydrogel with silver nanoparticles entrapped, 5 ml of
silver nanoparticle suspension at two different concentrations, 1 mM
and 0.5 mM in water, was used instead of deionized water. The rest of
the process was exactly the same.2.5. Reaction diffusion experiments
A piece of the swelled gel was inserted in themiddle of a plastic tube
(diameter: 1 cm; length: 7 cm) connected to both sides with silicone
tubes that ended each one in a bottle (500 ml) containing an aqueous
solution of either CaCl2 (20 mM) or Na2HPO4 (20 mM), thus insuring
a reservoir that guaranteed the continuous diffusion of the reactants
through the gel. The reaction proceeded at room temperature for one
week.
One of the methods of integration silver nanoparticles used in this
work consisted in diluting the phosphate with the silver nanoparticle
suspension (1 and 0.5 mM) and operating as described above.2.6. Adsorption of silver nanoparticles in the hydrogels
Mineralized hydrogels were immersed in silver nanoparticle sus-
pensions (5 ml) at two concentrations: as obtained from the synthesis
(1 mM) and diluted 1:1 in distilled water (0.5 mM). The gels were
stored at room temperature for up to 7 days. Every day a set of samples
was removed from the silver nanoparticle suspension and rinsed in
sterile PBS prior to further testing.2.7. Silver content determination
Gel pieces of known weight were placed in glass bottles containing
5 ml of aqua regia (HCl:HNO3 3:1); the bottles were sealed and stored
at room temperature until the gels were completely dissolved. The
silver ion content in the dissolved acid solution was determined by
inductively coupled plasma–mass spectroscopy (ICP–MS) analysis
(Optima 2100DV OES; Perkin Elmer, Waltham, MA, USA) against the
Primar 28 element standard.2.8. Bacterial species
The bacteria used were Methicillin-resistant Staphylococcus aureus
(MRSA) (NCTC12493) and Staphylococcus epidermidis (RP62a). Bacteria
were maintained by sub-culturing on Brain Heart Infusion (BHI) agar
(Oxoid, Basingstoke, UK) and storing plates at 4 °C for no more than a
week. For experimental purposes, bacteria were grown aerobically in
10 ml BHI broth (Oxoid, Basingstoke, UK) statically at 37 °C for 24 h.
334 M.I. González-Sánchez et al. / Materials Science and Engineering C 50 (2015) 332–3402.9. Antibacterial assay
The antibacterial properties of the hydrogels containing silver nano-
particles were determined through the protocol developed by Berchet
et al. [34] and widely employed [35–37]. Brieﬂy, 500 μl of bacterial sus-
pension was added on the hydrogel sample (diameter: 1 cm, thickness:
2mm) contained in a 24well plate; the platewas subsequently incubat-
ed aerobically at 37 °C for 1 h; the microbial suspension was then re-
moved and the gel rinsed three times with sterile PBS. 500 μl of BHI
diluted with PBS (1:10) was added in the well and the plate incubated
at 37 °C for 24 h. An aliquot (50 μl) from each well was transferred in
a 100 well plate (Bioscreen, Finland) containing 100 μl of fresh BHI
broth. The plate was placed in a plate reader (Bioscreen, Finland) and
the growth curves in each well recorded through optical density at
600 nm over a period of 24 h at 15 min intervals. The lag phase of
each growth curve was calculated through ﬁtting with the Baranyi–
Robert model.
Experiments were performed in triplicates and from three indepen-
dent cultures giving a total of 9 growth curves for each bacterium on
each material.
The control samples for the entrapment during the polymeriza-
tion step and their addition in the solution used for the mineraliza-
tion consisted of the same hydrogel (cross-linking percentage)
where solutions not containing silver nanoparticles were used dur-
ing the corresponding phase; they are described in the text 0% Ag.
For the absorption method, the control samples were hydrogels not
exposed to nanoparticles and they are described as absorbance
time 0 day.Fig. 2. UV–vis spectrum (a) and TEM image (Bar equals to 250 nm) (b) of silver
nanoparticles.2.10. In vitro cytotoxicity studies
Osteoblast cells (MC-3T3) were cultured in Dulbecco's Modiﬁed
Eagle's Medium supplemented with fetal bovine serum (10% v/v);
cells were incubated at 37 °C in a humidiﬁed atmosphere with 5% CO2.
Cells were grown till conﬂuencewas reached, washed twicewith sterile
PBS and detached with trypsin.
Samples were placed in 24-well plate with 500 μl of osteoblast
cell suspension and incubated with the composite gel at 37 °C in a
humidiﬁed atmosphere with 5% CO2. After 2 days, the medium was
removed and 1 ml fresh medium without red phenol was added. Os-
teoblast cell viability was assessed using the MTT assay kit
(Invitrogen, Paisley, UK) with 20 μl of the reagent solution, prepared
according to the manufacturer instructions, added to each well. After
incubation for 2 h at 37 °C in a humidiﬁed atmosphere with 5% CO2
all the solutions were removed and the MTT solubilization solution
was added. When full dissolution of the crystals occurred, 100 μl of
liquid was transferred to a 96-well plate where the absorbance of
each sample was read at 570 nm.2.11. Rheological properties of gels
The swelled gels (after dialysis, reaction–diffusion mineralization
and adsorption in silver nanoparticle solution) were cut into a circle
through a stamp of 25 mm diameter and loaded into the rheometer
(ARES-G2 Rheometer (TA Instruments)). Rheological tests were per-
formed at 37 °C and stainless steel parallel plates (25 mm diameter)
were employed to sandwich the material at a constant but low normal
force (4 N). G′ was monitored as the material equilibrated and as the
gap reduced. When G′ became constant, it was assumed that the mate-
rial was appropriately in contact with the plates; tests were conducted
in the frequency range from 0.01 to 10 Hz. All measurements were con-
ducted at a strain of 0.1%, which was within the linear visco-elastic
range of the material, as conﬁrmed by a strain sweep and the absence
of a third harmonic response.2.12. Statistical methods
In order to assess the antibacterial activity of the hydrogels, the lag
phase durations obtained from different preparation methods were
compared using ANOVA followed by post hoc Tukey's test for individual
pairs of data sets.
3. Results and discussion
3.1. Characterization of the silver nanoparticles synthesized
Silver nanoparticles were synthesized by citrate reduction of silver
ions at near-boiling temperature. TheUV–vis spectra of the nanoparticle
suspension presented an absorbance maximum around 440–460 nm
(Fig. 2a) typical of silver nanoparticles [27,32,33,35,38,39]. This method
yielded relatively large silver nanoparticles with a diameter of
60–80 nm and rounded shape as seen through TEM (Fig. 2b).
3.2. Silver nanoparticle encapsulation in hydrogels
The silver nanoparticles were incorporated in our composite with
the aim to provide the antibacterial properties. The incorporation of
the nanoparticles was achieved by means of different methods related
to the different steps of the hydrogel preparation and the results were
compared. The methods were: 1)mixing the silver NPs with themono-
mers before the gel synthesis process; 2) diluting sodium phosphate in
the nanoparticle suspension to integrate themduring the diffusion reac-
tion experiment and3) bymeans of simple adsorption. The antibacterial
and cytotoxicity properties of these new silver nanoparticle-composite
gels were analyzed. In all the cases, the antibacterial properties of the
Fig. 3. Apparent lag phase duration of MRSA and Staphylococcus epidermidis on hydrogels
with different crosslinking degrees with AgNPs encapsulated within the gels during
polymerization.
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phase and growth rate of the MRSA and S. epidermidis cells detached
from the hydrogel samples. These bacterial species were selected as
they are themain sources of orthopedic infections [40,41]; furthermore,
the S. epidermidis strain used in this work is also already resistant to
commonly used antibiotics such as gentamicin [42].
This indirect method of determining the microbial load of the sam-
ples is based on the correlation between cell concentration in the
broth and the duration of the apparent lag phase of the growth curve
determined through optical density [34]. The growth rate is, instead,
related to the physiological state of the bacteria after exposure to the
bactericidal agent [35,36].
The direct mixing of the antibacterial drug [24] or of nanoparticles
[43,44] in the hydrogel formation mixture is the most common form
of antibacterial hydrogel preparation; however as other steps in the hy-
drogel formation process are available, they can also be exploited for
such purpose. Alternatively, in situ nanoparticle formation has been
achieved [45].
3.2.1. Silver nanoparticles entrapped in the composite
Firstly, we tried to provide antibacterial activity to the nanocompos-
ite hydrogels by encapsulating the silver nanoparticles directly during
the synthesis. The amount of silver present in the hydrogels prepared
in this way after the mineralization phase was independent from the
concentration of silver in the solution and the percentage of the cross-
linking agent (Table 1).
The apparent lag phase obtained for hydrogels with 2.5% and 7% is
shown in Fig. 3; samples containing silver nanoparticles had the same
apparent lag phase duration than controls (without silver nanoparti-
cles) (p N 0.05) meaning that no antibacterial effect was achieved by
this method of encapsulation.
The dialysis phase did not result in the total removal of silver from
the hydrogels (Table 1); furthermore we have checked that the entrap-
ment of the silver nanoparticles inside the hydrogel without calcium
phosphate (beforemineralization through reaction–diffusion) had anti-
bacterial activity (data not shown). Therefore, the precipitation of calci-
um phosphate is likely to be responsible for the loss of the antibacterial
properties as it could prevent the silver ion ﬂow across the surface of the
composite. This is probably due to the formation of a ﬁlm of calcium
phosphate and/or silver phosphate.
3.2.2. Diffusion of the silver nanoparticles into the composite
Because of the inefﬁcacy of the directmixing of the silver nanoparti-
cles in the hydrogels during the polymerization phase, the encapsula-
tion of the antibacterial nanoparticles was attempted during the
mineralization phase. Sodium dihydrogen phosphate was diluted in
the silver nanoparticle suspension, instead of distilled water, at the
same concentration used previously during the mineralization step
(the color of the suspension changes from yellow to green). In this
way the silver nanoparticles were introduced in the hydrogels at the
same time as the calciumphosphate crystals were formed. The prepara-
tion of the other solution (CaCl2) with silver nanoparticles was not
possible because of the precipitation of AgCl.
Control samples (without the nanoparticles) showed the OD at
600 nm of the bacterial suspension started increasing after about 1.2–
1.3 h for both 2.5% and 7% crosslinking concentrations (Fig. 4); a smallTable 1
Silver content (μg Ag/g gel) in hydrogels after preparation using silver nanoparticle sus-
pension (1 mM and 0.5 mM) in the polymerization mixture.
Cross-linking Silver nanoparticle concentration Silver content (μg Ag/g gel)
7% 1 mM 4.4 ± 0.2
0.5 mM 4.5 ± 0.3
2.5% 1 mM 5.1 ± 0.3
0.5 mM 5.4 ± 0.4antibacterial effect was appreciated since the apparent lag phase dura-
tion increased about 0.2–0.3 h. Such bactericidal effect was not statisti-
cally signiﬁcant (p N 0.05).
The precipitation of the Ag+ with the phosphate ions (Ag3PO4 has a
solubility constant product Kps = 8.89 × 10−17) [46] in the solution
used during the reaction–diffusion process could be dragging the nano-
particles to the bottom of the bottle reducing their availability towards
the composite gel.3.2.3. Adsorption of silver nanoparticles into the composite
The last method tested was adsorption by putting in contact the
already mineralized hydrogels with silver nanoparticle suspension.
Adsorption of silver nanoparticles in the composites was carried out at
different contact times (daily increase from 1 to 6 days).
Hydrogels preparedwith 2.5% of cross-linker did not exhibit increas-
ing amount of silver with prolonged exposure to silver nanoparticles
(Table 2) regardless of the concentration of silver nanoparticles used.
However, when the crosslinking agent was increased to 7% the concen-
tration increased with time when a 0.5 mM silver nanoparticle suspen-
sion was used. No signiﬁcant differences were recorded between the
ﬁrst 3 days of adsorption when a 1 mM nanoparticle suspension was
employed (p N 0.05), after 6 days the quantity of silver present in theFig. 4. Apparent lag phase duration of MRSA and Staphylococcus epidermidis on hydrogels
with different crosslinking degrees with embedded AgNPs through diffusion during
mineralization.
Table 2
Silver content (μg Ag/g gel) in hydrogels after adsorption in silver nanoparticle suspension
(1 mM and 0.5 mM) for various times.
Adsorption (days) Cross-linking
7% 2.5%
1 mM 0.5 mM 1 mM 0.5 mM
1 8.3 ± 0.3 5.8 ± 0.2 8.0 ± 0.2 9.4 ± 0.3
2 7.8 ± 0.3 8.9 ± 0.4 9.6 ± 0.4 9.1 ± 0.4
3 8.4 ± 0.3 10.4 ± 0.4 10.9 ± 0.3 10.6 ± 0.4
6 12.9 ± 0.4 13.8 ± 0.5 10.5 ± 0.4 10.4 ± 0.3
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concentration of the silver nanoparticle suspension (p N 0.05).
Fig. 5 shows the comparison of all the apparent lag phases from the
antibacterial test for adsorption performed for different lengths of time.
The cross-linking degree (2.5% and 7%) seemed not to affect the samples
that were not exposed to nanoparticle adsorption (control or 0 days of
adsorption), resulting in similar apparent lag phases in both cases.
Samples in contact with 1mM silver nanoparticle suspension had a bet-
ter antibacterial effect than those in 0.5 mM silver nanoparticle suspen-
sion. Comparing the two different bacteria, a better effect against
S. epidermidis thanMRSAwas observed. In general, themaximum effec-
tivenesswas obtained for samples thatwere in contactwith silver nano-
particles for 2 days. Nanoparticle adsorption performed for longer than
2 days did not improve the antibacterial activity that decreased for sam-
ples that adsorbed silver nanoparticles for 3 and 4 days. Apparent lag
phases forMRSAwere similar to those of controls for samples in contactFig. 5. Apparent lag phase duration of S. epidermidis on (a) 2.5% crosslinking and (b) 7% crossl
function of adsorption time of silver nanoparticles against samples without adsorption (controwith the silver nanoparticle suspension for 6 days. The only exception
was S. epidermidis on samples immersed in silver nanoparticles of
1 mM that showed a constant apparent lag phase independent from
the duration of the adsorption on 7% cross-linked hydrogels and appar-
ent lag phase longer than control on 2.5% cross-linked hydrogels.
The amount of nanoparticles embedded in the gels through adsorp-
tion is likely to result in nanoparticles mainly distributed on the outer
surface of the gels after short period of time, when the adsorption was
allowed to continue for longer periods of time nanoparticles could
have migrated deeper in the hydrogel matrix as shown by the increas-
ing amount of silver present in thematrixwithout signiﬁcant antibacte-
rial improvementwhen adsorptionwas performed for longer periods of
time. Furthermore, the possible reaction of silver with phosphate,
resulting in Ag3PO4, could also prevent the antibacterial activity of the
nanocomposite gels.
In order to comprehend the inﬂuence of incorporation methods on
antibacterial activity, the bactericidal mechanism of silver nanoparticles
needs to be fully understood. Silver nanoparticle surface can release
Ag+ so even simple colloid solutions contain three forms of silver: Ag
solid, free Ag+ or its complexes and surface-adsorbed Ag+. The relative
contribution of each type of silver to the antibacterial activity remained
unclear. Xiu et al. [47] have stated that such activity is solely due to Ag+
release suggesting that the nanoparticles themselves do not affect the
biological activity of microbes and thus the silver nanoparticles may
serve as a vehicle to deliver Ag+ more effectively. However, several
studies have shown that silver ions released from nanoparticles are
not the sole reason for silver nanoparticle antibacterial activity [35,36]
and that silver nanoparticles may attach to the surface of the cell mem-
brane disturbing permeability and respiration functions of the cells [48].inking hydrogels and MRSA on (c) 2.5% crosslinking and (d) 7% crosslinking hydrogels as
ls). 1 mM silver NP solution, 0.5 mM silver NP solution, control samples.
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the overall bactericidal activity [49]. Our hydrogels exhibit amino
groups due to one of the monomers, this could have increased the re-
lease of Ag+ in virtue of electrostatic repulsion. However, the relative
high ion concentration of biological media is likely to screen these
charges (electrostatic double layer) resulting in low zeta potential of
the hydrogels.
The relative higher resistance of MRSA compared to S. epidermidis is
not only strain dependent, but also appears to be inﬂuenced by the char-
acteristic of the silver nanoparticles. For example, with oleic acid capped
silver nanoparticles S. epidermidis RP62a is stronger than MRSA
NCTC12493 [35], while with citrate capped silver nanoparticles used
in this work this is reversed (Fig. 5). The different sizes and capping
agents between these two types of silver nanoparticles highlight further
the role of the geometrical and physico-chemical parameters of the
nanomaterials on the biological responses they induce.
Gentamicin and Tobramycin are commonly used in orthopedic ma-
terial such as PMMA bone cement because of their broad activity spec-
trum and stability to high temperature. However the reliance on
antibiotics to ﬁght infections is now seen as a short term solution in
light of the rise and spread of bacteria cells not affected by such drugs.
Antibiotic resistance is a major danger and the development of novel
strategies to prevent/treat infections is urgently needed [25,26] because
new antibiotics are rarely discovered (the last new antibiotic class dates
back to the 1980s) and it is widely accepted that it is only a matter of
time before resistance is developed towards a new antibiotic.Moreover,
it is important to prepare antibacterial drugs that are effective against
already resistant cells not only unable to induce further resistance. WeFig. 6.MTT assay of osteoblast activity after various contact time on hydrogels with 2.5%
cross-linking (a) and 7% cross-linking (b) containing Ag nanoparticles through adsorption
for various days. 0% (control), 0.5 mM Ag NP solution, 1 mM Ag NP solution.
Fig. 7. (a) Storage (G′) and (b) lossmodulus (G″) of hydrogelswith 7% (ﬁlled symbols) and
2.5% (empty symbols) of crosslinker prepared with aqueous solution of the silver nano-
particles. ● 0 (control), ▼ 0.5 mM,■ 1 mM.employed S. epidermidis RP62a because it is a well known strain in-
volved in human infections and is one of themany S. epidermidis strains
resistant to gentamicin [42,50,51]. From this stand point, the hydrogels
containing AgNPs presented here appear a better proposition than
antibiotic eluting hydrogels in virtue of their activity against gentamicin
resistant strains and no reliance on the use of another antibiotic (such
as: daptomycin) in combination with gentamicin [52].
3.3. Cytotoxicity of hydrogels containing silver nanoparticles
The possibility of Ag nanoparticles having a cytotoxic effect was in-
vestigated through the MTT assay on osteoblast cells (Fig. 6). These
cells have been used because osteoblasts are expected to grow directly
on the implant surface in contact with bone. The results revealed that
the presence of nanoparticles did not have a detrimental effect on the
growth of osteoblast cells regardless of the cross-linking concentration
and amount of nanoparticles used during the adsorption process. Such
results were expected as generally silver nanoparticles do not exhibit
cytotoxic properties.
3.4. Rheology of hydrogels containing silver nanoparticles
The rheological properties of hydrogels as function of the cross-linking
agent percentage and the concentration of silver nanoparticles in the
aqueous solution during polymerization are shown in Fig. 7. The elastic
modulus (G′) did not change with frequency for all gels regardless of
the concentration of the silver nanoparticles, however its value was de-
pendent onboth thepercentage of the cross linking and the silver concen-
tration (Fig. 7a).With pure distilledwater, when 7% of cross linking agent
was employed,G′was 30KPa,whilewith 2.5% of BIS,G′was 5 KPa. On the
Fig. 8. (a) Storage (G′) and (b) lossmodulus (G″) of hydrogelswith 7% (ﬁlled symbols) and
2.5% (empty symbols) of crosslinker after immersion in a solution silver nanoparticles
(1 mM). ● after 1 day,▼ after 2 days.
Fig. 9. (a) Storage (G′) and (b) lossmodulus (G″) of hydrogelswith 7% (ﬁlled symbols) and
2.5% (empty symbols) of crosslinker after immersion in a solution silver nanoparticles
(0.5 mM). ● after 1 day,▼ after 2 days.
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(Fig. 7b);with values ofG′ about 10 and 30 timesG″ at (0.1 Hz) for 7% and
2.5% crosslinking composition, respectively.
When silver nanoparticles were present in the polymerization solu-
tion the resulting hydrogels exhibited lower G′ and G″ than the corre-
sponding hydrogels without nanoparticles. This effect was greater for
hydrogels with 2.5% crosslinking than 7%, furthermore the concentra-
tion of silver in the solution did affect the latter hydrogels more than
the former (Fig. 7).
It is possible that the citrate ions present in the silver nanoparticle
solution interfere with the polymerization reaction acting as radical
scavenger as citrate ions are known antioxidant [53]. This activity
would increase the level of un-reacted monomers and thus reduce the
length of the polymer chains. Such phenomenon would explain the
lower mechanical properties of the hydrogels when nanoparticles are
present, instead of their enhancement as in a normal nanocomposite
material. No particular impact on both G’ and G” was noticed when sil-
ver nanoparticles were embedded through adsorption post hydrogels
mineralization (Fig. 8 and Fig. 9) independently from the length of the
adsorption.
Many orthopedic procedures, i.e., ﬁxation of fractures caused by
traumatic events or through osteoporosis, joint replacement, dental im-
plants, and bone cancer treatment requiring bone augmentation as
bone self regeneration properties can heal areas of only limited size; it
is estimated that 2.2 million of orthopedic procedures worldwide em-
ploy bone grafts annually [54]. Although the use of real bone to ﬁll
bone voids (bone graft) is the gold standard technique because of the
high osseoconductive and osseintegrative properties of bone, it exhibits
numerous drawbacks such as: pain at the donor site and limited amount
of bone available in case the bone graft is taken from the patient(autograft). Rejection is also a risk when the transplanted tissue is
taken from a different patient (allograft) or animal (xenograft). In
order to overcome these shortcomings a number of biomaterials (po-
rous metal, bioactive glass, glass ceramics, calcium phosphate/sulfate
polymers) have been developed as bone tissue engineering scaffolds
[55,56]. However, none of these exhibit completely satisfactory proper-
ties as they can exhibit good structural properties but they do not pos-
sess adequate osteoinductive, osteoconductive and osseointegrative
properties [54]. Therefore the design of synthetic bone grafts that
mimics the structure, composition and mechanical properties of bone,
possesses good surgical handling and is cytocompatible remains a
major challenge. The problems associated to bone graft are further ag-
gravated by the possibility of infection occurring after surgery. For this
reason the hydrogels presented here are simultaneously addressing
the need for artiﬁcial bone graft materials capable of preventing/ﬁght-
ing infections and the use of non-antibiotic antibacterial agents, the
later ismajor beneﬁt compared to otherworks focusing on antibiotic re-
lease [57–59].
4. Conclusions
In order to provide antibacterial properties to the osseoconductive
acrylate hydrogels we developed previously, the incorporation of silver
nanoparticles has been performed using three different approaches.
The entrapment of the silver nanoparticles during the polymeriza-
tion step and their addition in the solutions used for the mineralization
of the hydrogelwere performedwithout obtaining antibacterial proper-
ties. Only the adsorption of the nanoparticles on the biomineralized
composite gel exhibited antibacterial activity. Such approach also did
not negatively impact the cytotoxicity of the materials against
339M.I. González-Sánchez et al. / Materials Science and Engineering C 50 (2015) 332–340osteoblasts and no detrimental consequences were observed on the
rheological characteristics of the hydrogels.
The material presented here is one of the ﬁrst examples of an acry-
late multifunctional orthopedic hydrogel as it is simultaneously
osseoconductive and non-antibiotic based antibacterial.Acknowledgments
The studies were performed in the frame of COST CM1101 project
“Colloidal Aspects of Nanoscience for Innovative Processes and Mate-
rials”. PP also would like to thank Arthritis Research UK (ARUK:18461)
for funding this study.References
[1] P.A. Netti, J.C. Shelton, P.A. Revell, C. Pirie, S. Smith, L. Ambrosio, L. Nicolais, W.
Bonﬁeld, Hydrogels as an interface between bone and an implant, Biomaterials 14
(1993) 1098–1104.
[2] C.G. Sander, C. Leeuwenburgh, J. Jo, H. Wang, M. Yamamoto, J.A. Jansen, T. Yasuhiko,
Mineralization, biodregradation and drug release behavior of gelatin/apatite com-
posite microspheres for bone regeneration, Biomacromolecules 11 (2010) 154–159.
[3] J. Sophier, P. Corre, P. Weiss, P. Layrolle, Hydrogel calcium phosphate composite re-
quire speciﬁc properties for three-dimensional culture of human bone mesenchy-
mal cells, Acta Biomater. 6 (2010) 2932–2939.
[4] S. Lin-Gibson, S. Bencherif, J.A. Cooper, S.F. Wetzel, J.M. Antonucci, B.M. Vogel, F.
Horkay, N.R. Washburn, Synthesis and characterization of PEG dimethacrylates
and their hydrogels, Biomacromolecules 5 (2004) 1280–1287.
[5] L. Silverman, A.L. Boskey, Diffusion systems for evaluation of biomineralization,
Calcif. Tissue Int. 75 (2004) 494–501.
[6] H.A. Lowenstam, S. Weiner, On Biomineralization, Oxford University Press, New
York, 1989.
[7] E. Karpati-Smidroczki, A. Buki, M. Zrinyl, Pattern forming precipitation in gels due to
coupling of chemical reactions with diffusion, Colloid Polym. Sci. 273 (1995)
857–865.
[8] T. Yokoi, M. Kawashita, K. Kikuta, C. Ohtsuki, Biomimetic mineralization of calcium
phosphate crystals in polyacrylamide hydrogel: effect of concentrations of calcium
and phosphate ions on crystalline phases and morphology, Mater. Sci. Eng. C 30
(2010) 154–159.
[9] H. Li, H.L. Xin, D.A. Muller, L.A. Estroff, Visualizing the 3D internal structure of calcite
single crystals grown in agarose hydrogels, Science 32 (2009) 1244–1247.
[10] J. Huang, G. Liu, C. Son, E. Saiz, A.P. Tomsia, Role of molecular chemistry of degrad-
able pHEMA hydrogels in three-dimensional biomimetic mineralization, Chem.
Mater. 24 (2012) 1331–1337.
[11] S.V. Vlierberghe, P. Dubruel, E. Schach, Biopolymer-based hydrogels as scaffolds for
tissue engineering applications: a review, Biomacromolecules 12 (2011)
1387–1408.
[12] O. Wichterle, D. Lim, Hydrophilic gels for biological use, Nature, St Martin's Press
Inc., N.Y., 1960. 117.
[13] J.P. Hervás-Pérez, E. López-Cabarcos, B. López-Ruiz, The application of methacrylate
based polymer in enzyme biosensors, Biomol. Eng. 23 (2006) 233–245.
[14] S. Dutta, D. Dey, D. Dhara, Poly(ethylene glycol)-containing cationic hydrogels with
lipophilic character, J. Appl. Polym. Sci. 131 (2014) 39873.
[15] A. Selby, C. Maldonado-Codina, B. Derby, Inﬂuence of specimen thickness on the
nanoindentation of hydrogels: measuring the mechanical properties of soft contact
lenses, J. Mech. Behav. Biomed. Mater. 35 (2014) 144–156.
[16] B.D. Martin, R.J. Linhardt, J.S. Dordick, Highly swelling hydrogels from ordered
galactose-based polyacrylates, Biomaterials 19 (1–3) (1998) 69–76.
[17] J.J. Roberts, S.J. Bryant, Comparison of photopolymerizable thiol-ene PEG and
acrylate-based PEG hydrogels for cartilage development, Biomaterials 34 (38)
(2013) 9969–9979.
[18] J.J. Wang, F. Liu, Imparting antifouling properties of silicone hydrogels by grafting
poly(ethylene glycol) methyl ether acrylate initiated by UV light, J. Appl. Polym.
Sci. 125 (1) (2012) 548–554.
[19] D. Kaner, A. Friedmann, Soft tissue expansion with self-ﬁlling osmotic tissue ex-
panders before vertical ridge augmentation: a proof of principle study, J. Clin.
Periodontol. 38 (2010) 95–101.
[20] Y. Ramadan, M.I. González-Sánchez, K. Hawkins, J. Rubio-Retama, E. Valero, S. Perni,
P. Prokopovich, E. López-Cabarcos, Obtaining new composite biomaterials by means
of mineralization of methacrylate hydrogels using the reaction–diffusion method,
Mater. Sci. Eng. C 42 (2014) 696–704.
[21] R. McCrory, D.S. Jones, C.G. Adair, S.P. Gorman, Pharmaceutical strategies to prevent
ventilator-associated pneumonia, J. Pharm. Pharmacol. 55 (2003) 411e28.
[22] S. Perni, E. Callard Preedy, P. Prokopovich, Success and failure of colloidal
approached in bacterial adhesion, Adv. Colloid Interf. Sci. 206 (2014) 265–274.
[23] C. Zhou, P. Li, X. Qi, A.R. Sharif, Y.F. Poon, Y. Cao, M.W. Chang, S.S. Leong, M.B. Chan-
Park, A photopolymerized antimicrobial hydrogel coating derived from epsilon-
poly-L-lysine, Biomaterials (2011) 2704–2712.
[24] J.A. Killion, L.M. Geever, D.M. Devine, H. Farrell, C.L. Higginbotham, Compressive
strength and bioactivity properties of photopolymerizable hybrid composite
hydrogels for bone tissue engineering, Int. J. Polym. Mater. 63 (13) (2014) 641–650.[25] L. Montanaro, P. Speziale, D. Campoccia, S. Ravaioli, I. Cangini, G. Pietrocola, S.
Giannini, C.R. Arciola, Scenery of Staphylococcus implant infections in orthopedics,
Future Microbiol 6 (2011) 1329–1349.
[26] K. Morris, Battle against antibiotic resistance is being lost, Lancet Infect. Dis. 7 (8)
(2007) 509.
[27] M. Guzmán, J. Dille, G. Stephane, Synthesis and antibacterial activity of silver nano-
particles against Gram-positive and Gram-negative bacteria, Nanomedicine 8
(2012) 37–45.
[28] K. Kalishwaralal, S. BarathManiKanth, R.K.P. Sureshbabu, D. Venkataraman, G.
Sangiliyandi, Silver nanoparticles impede the bioﬁlm formation by Pseudomonas
aeruginosa and Staphylococcus epidermidis, Colloids Surf. B: Biointerfaces 79
(2010) 340–344.
[29] P.L. Nadworny, J.Wang, E.E. Tredget, R.E. Burrel, Anti-inﬂammatory activity of nano-
crystalline silver in a porcine contact dermatitis model, Nanomedicine 4 (2008)
241–251.
[30] S. Gurunathan, K.J. Lee, K. Kalishwaralal, S. Sheikpranbabu, R. Vaidyanathan, S.H.
Eom, Antiangiogenic properties of silver nanoparticles, Biomaterials 30 (2009)
6341–6350.
[31] L. Sintubin,W. DeWindt, J. Dick, J. Mast, D. Van der Ha,W. Verstraete, N. Boon, Lactic
acid bacteria as reducing and capping agent for the fast and efﬁcient production of
silver nanoparticles, Appl. Microbiol. Biotechnol. 84 (2009) 741–749.
[32] S. Perni, V. Hakala, P. Prokopovich, Biogenic Synthesis of Silver Nanoparticles Capped
with L-cysteine, Colloids Surf. A 460 (2014) 219–224.
[33] V.K. Sharma, K.M. Siskova, R. Zboril, J.L. Gardea-Torresdey, Organic-coated silver
nanoparticles in biological and environmental conditions: fate, stability and toxicity,
Adv. Colloid Interf. Sci. 204 (2014) 15–34.
[34] T. Bechert, P. Steinrucke, J.P. Guggenbichler, A new method for screening anti-
infective biomaterials, Nat. Med. 6 (2000) 1053–1056.
[35] P. Prokopovich, M. Köbrick, E. Brousseau, S. Perni, Potent Antimicrobial Activity of
Bone Cement Encapsulating Silver Nanoparticles Capped with Oleic Acid, J. Biomed.
Mater. Res. B 103 (2) (2005) 273–281.
[36] P. Prokopovich, R. Leech, C.J. Carmalt, I.P. Parkin, S. Perni, A novel bone cement im-
pregnated with silver-tiopronin nanoparticles: its antimicrobial, cytotoxic and me-
chanical properties, Int. J. Nanomedicine 8 (1) (2013) 2227–2237.
[37] V. Alt, T. Bechert, P. Steinrücke, M. Wagener, P. Seidel, E. Dingeldein, E. Domann, R.
Schnettler, An in vitro assessment of the antibacterial properties and cytotoxicity
of nanoparticulate silver bone cement, Biomaterials 25 (18) (2004) 4383–4391.
[38] G.R. Bardajee, Z. Hooshyar, H. Rezanezhad, A novel and green biomaterial based sil-
ver nanocomposite hidrogel: synthesis, characterization and antibacterial effect, J.
Inorg. Biochem. 117 (2012) 367–373.
[39] T.T. Le, D.T. Phuong, P.T. Huy, Q.H. Tran, V.H. Nguyen, A.A. Kudrinskiy, Y.A.
Krutyakov, Synthesis of oleic acid-stabilized silver nanoparticles and analysis of
their antibacterial activity, Mater. Sci. Eng. C 30 (2010) 910–916.
[40] M.J. Grosso, V.J. Sabesan, J.C. Ho, E.T. Ricchetti, J.P. Iannotti, Reinfection rates after 1-
stage revision shoulder arthroplasty for patients with unexpected positive intraop-
erative cultures, Shoulder Elbow Surg. 21 (2012) 754–758.
[41] L. Sorlí, L. Puig, R. Torres-Claramunt, A. González, A. Alier, H. Knobel, M. Salvadó, J.P.
Horcajada, The relationship between microbiology results in the second of a two-
stage exchange procedure using cement spacers and the outcome after revision
total joint replacement for infection: the use of sonication to aid bacteriological
analysis, J. Bone Joint Surg. (Br.) 94 (2) (2012) 249–253.
[42] H. Tan, Z. Peng, Q. Li, X. Xu, S. Guo, T. Tang, The use of quaternised chitosan-loaded
PMMA to inhibit bioﬁlm formation and downregulate the virulence-associated gene
expression of antibiotic-resistant staphylococcus, Biomaterials 33 (2012) 365–377.
[43] R.R. Mohamed, M.W. Sabaa, Synthesis and characterization of antimicrobial
crosslinked carboxymethyl chitosan nanoparticles loaded with silver, Int. J. Biol.
Macromol. 69 (2014) 95–99.
[44] J. Krstić, J. Spasojević, A. Radosavljević, A. Perić-Grujić, M. Đurić, Z. Kačarević-
Popović, S. Popović, In vitro silver ion release kinetics from nanosilver/poly(vinyl al-
cohol) hydrogels synthesized by gamma irradiation, J. Appl. Polym. Sci. 131 (11)
(2014) 40321.
[45] G.Y. Li, Q.W. Wen, T. Zhang, Y.Y. Ju, Synthesis and properties of silver nanoparticles
in chitosan-based thermosensitive semi-interpenetrating hydrogels, J. Appl. Polym.
Sci. 127 (2013) 2690–2697.
[46] William M. Haynes (Ed.)CRC Handbook of Chemistry and Physics, 2007.
[47] Z.M. Xiu, Q.B. Zhang, H.L. Puppala, V.L. Colvin, P.J. Alvarez, Negligible particle-
speciﬁc antibacterial activity of silver nanoparticles, Nano Lett. 12 (8) (2012)
4271–4275.
[48] L. Kvítek, A. Panáček, J. Soukupová, M. Kolář, R. Večeřová, R. Prucek, M. Holecová, R.
Zbořil, Effect of surfactants and polymers on stability and antibacterial activity of sil-
ver nanoparticles (NPs), J. Phys. Chem. C 112 (15) (2008) 5825–5834.
[49] O. Bondarenko, A. Ivask, A. Käkinen, I. Kurvet, A. Kahru, Particle–cell contact en-
hances antibacterial activity of silver nanoparticles, PLoS One 8 (5) (2013) e64060.
[50] T. Nuryastuti, van der Mei, H.J. Busscher, S. Iravati, A.T. Aman, B.P. Krom, Effect of
cinnamon oil on icaA expression and bioﬁlm formation by Staphylococcus
epidermidis, Appl. Environ. Microbiol. 75 (21) (2009) 6850–6855.
[51] D.P. König, J.M. Schierholz, R.D. Hilgers, C. Bertram, F. Perdreau-Remington, J. Rütt, In
vitro adherence and accumulation of Staphylococcus epidermidis RP 62 A and Staph-
ylococcus epidermidis M7 on four different bone cements, Langenbecks Arch. Surg.
386 (5) (2001) 328–332.
[52] P. Peñalba Arias, U. Furustrand Taﬁn, B. Bétrisey, S. Vogt, A. Trampuz, Activity of bone
cement loadedwith daptomycin alone or in combinationwith gentamicin or PEG600
against Staphylococcus epidermidis bioﬁlms, Injury (2014). http://dx.doi.org/10.1016/
j.injury.2014.11.014.
[53] K.I. Sallam, Antimicrobial and antioxidant effects of sodium acetate, sodium lactate, and
sodium citrate in refrigerated sliced salmon, Food Control 18 (5) (2007) 566–575.
340 M.I. González-Sánchez et al. / Materials Science and Engineering C 50 (2015) 332–340[54] P.V. Giannoudis, H. Dinopoulos, E. Tsiridis, Bone substitutes: an update, Injury 36
(Suppl. 3) (2005) S20–S27.
[55] E. Jabbari, S. Wang, L. Lu, J.A. Gruetzmacher, S. Ameenuddin, T.E. Hefferan, B.L.
Currier, A.J. Windebank, M.J. Yaszemski, Synthesis, material properties, and bio-
compatibility of a novel self-cross-linkable poly(caprolactone fumarate) as an
injectable tissue engineering scaffold, Biomacromolecules 6 (5) (2005)
2503–2511.
[56] J.S. Temenoff, A.G. Mikos, Injectable biodegradable materials for orthopedic tissue
engineering, Biomaterials 21 (2000) 2405–2412.[57] N. Fleiter, G. Walter, H. Bösebeck, S. Vogt, H. Büchner, W. Hirschberger, R. Hoffmann,
Clinical use and safety of a novel gentamicin-releasing resorbable bone graft substi-
tute in the treatment of osteomyelitis/osteitis, Bone Joint Res. 3 (7) (2014) 223–229.
[58] D. Coraça-Huber, J. Hausdorfer, M. Fille, M. Nogler, K.D. Kühn, Calcium carbonate
powder containing gentamicin for mixing with bone grafts, Orthopedics 37 (8)
(2014) e669–e672.
[59] N. Bormann, P. Schwabe, M.D. Smith, B. Wildemann, Analysis of parameters
inﬂuencing the release of antibiotics mixed with bone grafting material using a re-
liable mixing procedure, Bone 59 (2014) 162–172.
